ABSTRACT -We examined the alteration of gene expression in HK-2 human proximal tubular cells exposed to cadmium (Cd) using DNA microarray analysis. Cd increased the expression of 30 genes, including 7 genes coding for heat shock proteins, more than 2.0-fold and decreased the expression of 21 genes, including transcription-related genes, such as AP2B1, HOXA7, HOXA9 and TCEB2, less than 0.5-fold prior to the appearance of cytotoxicity in HK-2 cells.
INTRODUCTION
Cadmium (Cd) is an environmental toxic heavy metal that causes severe clinical symptoms in various organs including the kidney (Järup et al., 1998) . Although many researchers have studied the mechanism of Cd toxicity using various cultured cells, the underlying mechanism of Cd toxicity remains unclear. Recent studies have shown that changes in the gene expression may be involved in Cd toxicity in several cell types (Tokumoto et al., 2011a; Fujiwara et al., 2012) . DNA microarray analysis provides beneficial information for understanding gene changes following exposure to toxic metals (Tokumoto et al., 2011b; Hwang et al., 2011) . In the present study, we examined the gene expression changes in HK-2 human proximal tubular cells following treatment with Cd using DNA microarray analysis to provide new insight into the pathogenic mechanism of Cd renal toxicity.
MATERIALS AND METHODS

Treatment of cells with Cd
Human proximal tubular cells (HK-2 cells) were kindly provided by Dr. Takada (Jikei University School of Medicine, Tokyo, Japan). The cells were cultured in Dulbecco's modified Eagle's medium/Ham's Nutrient Mixture F-12 (Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Gibco; Life Technologies, Carlsbad, CA, USA), 25 U/ml penicillin, 25 μg/ml streptomycin, 1% Insulin-Transferrin-Selenium-X (Gibco; Life Technologies), 10 ng/ml epidermal growth factor (Sigma) and 5 ng/ml -tor containing 5% CO 2 . HK-2 cells were transferred into a 60-mm tissue culture dish (Falcon, Franklin Lakes, NJ, USA) at a density of 2.0 × 10 4 cells/cm 2 and cultured discarded, and the cells were treated with 40 μM CdCl 2 (Wako Pure Chemical Industries, Osaka, Japan) in serumfree culture medium for 3 hr.
RNA extraction
Cd-treated HK-2 cells were washed twice with ice-cold phosphate-based saline (Nissui Pharmaceutical, Tokyo, Japan). Total RNA was extracted with the Quick Gene -ing an on-column DNase I (Takara Bio, Shiga, Japan) treatment step, and QuickGene-810 (Fujifilm). RNA
DNA microarray analysis
DNA microarray analysis was performed using previously described methods (Tokumoto et al., 2011b) .
Gene expression analysis using DNA microarray in HK-2 human proximal tubular cells treated with cadmium
In brief, purified total RNA (5 μg) was applied to an OpArray Human V4.0 slide with 35,035 genes (Operon Technologies, Alameda, CA, USA). The Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies, Santa Clara, CA, USA) was used to synthesize complementary RNA (cRNA) using double-stranded cDNA as a template. A primer containing a poly dT and a T7 polymerase promoter was annealed to poly A + RNA. Reverse transcriptase was then added to the reaction mixdouble-stranded cDNA from the untreated or Cd-treated cells was transcribed in the presence of cyanine (Cy) 3-CTP or Cy5-CTP (PerkinElmer, Waltham, MA, USA), were mixed and hybridized to an Operon microarray slide for 16 hr at 42 C using a Lucidea SlidePro Hybridizer (GE Healthcare, Buckinghamshire, England). Fluorescent images were recorded with CRBIO (Hitachi Software Engineering, Tokyo, Japan). Digitized image data were processed with DNASIS Array software (Hitachi Software Engineering). Following global normalization, the data were filtered to exclude genes with low-level expression. The intensity of the Cy5 (Cd) to Cy3 (control) ratio was calculated. Information on each gene was obtained from the National Center for Biotechnology Information (NCBI) database. 
RESULTS AND DISCUSSION
The viability of HK-2 cells exposed to Cd was examined using the Alamar Blue (Invitrogen; Life Technologies) assay. When HK-2 cells were treated with 40 μM Cd for 24 hr, the viability was decreased by about 50%; however, 3 hr treatment with 40 μM Cd did not show such toxic effect (data not shown). Thus, to determine the gene expression pattern in Cd-exposed HK-2 cells before the development of cytotoxicity, we conducted DNA microarray analysis in HK-2 cells treated with or without 40 μM Cd for 3 hr. In this condition, the expression levels of 30 genes were increased by two-fold or more (Table 1) , and those of 21 genes were decreased by half or less (Table 2) . Among these up-regulated genes, Cd treatment has been shown to elevate the expression of HMOX1 and MTs in rat and mouse kidney cells in previous studies (Ohba et al., 2007; Tokumoto et al., 2011b Tokumoto et al., , 2013 . In addition, the gene expression of BAG3 and GADD45A were increased in response to Cd in other cell types (Pagliuca et al., 2003; Son et al., 2010) . Cdinduced down-regulation of PER2 was also observed in rat (Cano et al., 2001) . Interestingly, among the 30 upregulated genes, it was shown that 7 genes (HSPA1A, HSPA1B, HSPH1, HSP90AB1, HSP90AA1, HSPD1 and HSPA8) were involved in coding for chaperon proteins (Table 1) . Because Cd is known to cause endoplasmic reticulum (ER) stress in the kidney cells Komoike et al., 2012; Fujiwara et al., 2012) , it was considered that the increased expressions of these chaperon protein-related genes might be due to Cd-induced unfolded protein response. Recent studies have suggested that transcription factors are involved in Cd toxicity in several cell types including proximal tubular cells (Nakagawa et al., 2008; Tokumoto et al., 2011a; Fujiwara et al., 2012; Fujiki et al., 2013) . Moreover, Nakagawa et al. (2008) reported that the expressions of HOXA7 and HOXA9 genes coding for transcription factors were inhibited by Cd treatment in COS-7 cells (African green monkey kidney cells). In this study, we also found that 4 transcription-related genes (AP2B1, HOXA7, HOXA9 and TCEB2) were down-regulated by Cd treatment (Table 2) , suggesting that Cd may exert its toxic effect through transcript network disruption. Thus, our present study provides new information that can be useful to identify the target genes involved in Cd renal toxicity in human. 
